In vivo studies'-7 of chromosome replication have led to the inference that both daughter strands of chromosomal DNA grow continuously, the direction of synthesis being 3' to 5' on one strand and 5' to 3' on the other (Fig. 1A) . No enzymatic mechanism for the biosynthesis of deoxypolynucleotide in the 3' to 5' direction has been demonstrated, although 5' to 3' in vitro synthesis of DNA is accomplished by DNA polymerase.8 If discontinuous synthesis of DNA could occur in vivo (Figs. 1B-D), short stretches could be synthesized by a reaction in the 5' to 3' direction and subsequently connected to the growing polynucleotide chain by formation of phosphodiester linkages.
It is possible to distinguish between continuous A B and discontinuous chain growth by elucidating the structure of the most recently replicated A-1 , portion of the chromosome; that is, that portion pected from a mechanism of continuous synthesis ( Fig. 1A) .
Our results to be described here, together with those reported previously,9 indicate that in a variety of bacterial systems and in one bacteriophage system most of the recently synthesized portion of the chromosome can be obtained after denaturation as small DNA molecules with a sedimentation coefficient of about 10S. This supports the prediction of those mechanisms by which two daughter strands are synthesized in a discontinuous fashion ( Fig. 1C or D). It is also shown that the secondary structure of the chromosomal region containing these newly synthesized chains may differ from that of ordinary double-stranded DNA.
Materials Table 1) : This was carried out as described previously9 except that in some experiments sodium dodecyl sulfate (SDS) treatment was at 370 and the DNA solution was concentrated by filtration through a collodion membrane. DNA from 1 ml of culture was finally obtained in a volume of 0.5-1 ml. In E. coli B, recovery of DNA labeled by various lengths of pulse was greater than 90%. With E. coli 15T-, recovery varied from 30 to 60% but no systematic difference was found between the pulse and uniformly DNA. Sedimentation coefficients were calculated from the value of 19S for this marker DNA, obtained by boundary sedimentation in 0.1 N NaOH-0.9 M NaCl. (b) Neutral sucrose gradient: Centrifugation was carried out in the SW25.1 rotor, layering 1 ml of DNA sample over a 29-ml 5-20% sucrose gradient, pH 7.0, containing 0.15 M NaCl, 0.015 M sodium citrate, and 1 mM EDTA. Recovery of DNA from alkaline and neutral sucrose gradients was more than 90%.
Other methods: Chromatography of DNA on hydroxylapatite was carried out according to Bernardi.'4 Recovery of DNA from the column was 60-65%. Formation of acidsoluble product by enzymatic degradation of labeled DNA was measured as described by Lehman."5
Results.-Nature of the replicating region as revealed by alkaline sucrose gradient sedimentation: To facilitate labeling of a small portion near the growing end of the daughter strands, all the pulse-labeling experiments with E. coli (normal or T4 phage-infected) were carried out at 200. The rate of macromolecular synthesis at 200 is estimated to be about one sixth of the rate at 370, since at 200 the generation time (and doubling time of DNA) of E. coli is about 3 hours and the lysis by T4 phage occurs about 140 minutes after infection.
In the experiment presented in Figure 2 , growing cells of E. coli B were exposed -Alkaline sucrose gradient sedimentation of pulse-labeled DNA from E. coli B. Cells were grown at 370 to a titer of 3 X 108 cells/ml and then at 200 to 5 X 108 cells/mi. and the 10-ml culture was pulse-labeled with 10-7 M H3-thymidine at 20°for the indicated time. DNA was extracted by NaOH-EDTA treatment and sedimented in the SW25.3 rotor for 10 hr at 22,500 rpm and 4°. Distance from top is relative to that of infective DNA from phage AA (19S, reference). to H3-thymidine for various times. DNA was extracted in the denatured state by the NaOH-EDTA treatment and sedimented in alkaline sucrose gradients. Infectious DNA from phage 6A used as internal reference had a sedimentation coefficient of 19S in 0.1 N NaOH-0.9 M NaCl. Most of the radioactivity incorporated into DNA during the five-second pulse was recovered in a distinct component with an average sedimentation rate of 11S. Some radioactivity was found in material sedimenting at faster rates. Increasing the pulse time to 10 or 30 seconds increased the radioactivity in the "11S component" as well as the radioactivity in the fast-sedimenting DNA. Further increasing the pulse time resulted in large increases of the radioactivity in the fast-sedimenting DNA with little or no increase in the radioactive "11S component." The presence of the latter was obscure after the 150or 600-second labeling because of the possible trailing of the high molecular DNA containing a large amount of radioactivity. The average sedimentation rate of the fast-sedimenting component increased gradually and was about 50S after the ten-minute pulse. Essentially the same result was obtained by using the Thomas method for DNA extraction (Fig. 3) .
Similar results were also obtained with other E. coli strains, i.e., E. coli 15T-, was recovered almost exclusively in DNA component with a sedimentation coefficient of 9S. After a longer period of labeling, the radioactivity was found also in faster-sedimenting material. The radioactivity in the "9S component" increased quickly and reached a maximum in about 30 seconds, whereas the radioactivity in the fast-sedimenting component increased almost linearly and in two minutes attained a level ten times higher than the radioactivity in the "9S component." The sedimentation rate of the fast component increased gradually as in growing bacterial cells. The average rate was about 40S after the two-minute pulse. In other experiments average rates of 45 and 50S were obtained for five-and ten-minute pulse DNA, respectively.
In these experiments the pulse labeling was stopped by KCN and ice, cells were precipitated, and denatured DNA was obtained by either (a) extraction by the Thomas method followed by alkali denaturation, 5 min or (b) extraction with NaOH-EDTA. The following 5 MA changes in these procedures did not alter the essen-Z 4 I g t tial feature of the results: (1) omission of the phenol 0 step from (a), (2) H3-thymidine for ten minutes sedimented at a rate PROC. N. A. S. 602 faster than 6A DNA, having a sedimentation coefficient of 29S in 0.5 M NaCl, pH 7.0, a considerable fraction of 15-second pulse DNA was recovered in a band sedimenting at a much slower rate. It was shown in other experiments that the fraction of the radioactivity found in the slowly sedimenting band decreases with increasing pulse time.
On the other hand, a large fraction of the DNA labeled by a short pulse was found to be susceptible to degradation by E. coli exonuclease I, which specifically hydrolyzes single-stranded DNA17 (Table 1) . Approximately the same fraction of the labeled DNA was eluted from hydroxylapatite at the relatively low phosphate concentration expected for single-stranded DNA and was found to be completely susceptible to the action of exonuclease I (Fig. 8 and Table 1 ). The susceptibility of unfractionated pulse DNA to exonuclease I and the fraction eluted from hydroxylapatite at low phosphate concentrations decrease with , was incubated at 37°. After 60 min, 3 units of enzyme were added to the mixture and the incubation was continued for another 60 min. Acid-soluble and insoluble counts were determined at 0, 60, and 120 min. More than 85% of the radioactive DNA degraded during the 120-min period was already acid soluble at 60 min. increasing pulse time (Table 1 and Fig. 8 ). Furthermore, the slowly sedimenting component of pulse DNA recovered from the neutral sucrose gradient was shown to be highly susceptible to exonuclease I, while the fast-sedimenting component had a low susceptibility to the enzyme (Table 1) .
Thus an appreciable fraction of the newly synthesized material as isolated appears to be single-stranded, and this fraction is sedimented slowly in the neutral sucrose gradient.
Discussion.-Average chain growth rate of E. coli chromosome is estimated to be about 400 nucleotides per second at 200. Therefore, a 5 second pulse would label the stretches of about 2000 nucleotides or a 0.05 per cent portion of the whole chromosome. Our-experiments show that the portion of the chromosome, labeled by such a short radioactive pulse is separable in alkali from the bulk of chromosomal DNA as small molecules. Observations described in this and a previous paper9 indicate that this represents an intermediary state in the formation of chromosomal DNA. This result conforms to the prediction from the replication mechanisms by which two daughter strands are synthesized discontinuously (Figs. 1C and D) . The replication mechanism by which only one of the two daughter strands is synthesized discontinuously (Fig. 1B) is less likely, because virtually all the label is recovered in the slowly sedimenting component after the very short pulse. The sedimentation coefficient of the initially labeled material is 10-i iS in various bacterial systems and 8-9S in the T4 phage system, suggesting that the length of the "unit" may be 1,000-2,000 nucleotides. This corresponds to the dimension of cistron. Figure 9 illustrates a possible structure of the daughter strands in the vicinity of the growing end. "Units" synthesized at the growing point would be joined together by phosphodiester bonds to form longer strands located in the nonterminal position. The number of "units" and of chains with intermediate lengths would be determined by the relative rates of synthesis'and of joining.
An alternative interpretation of our results is that artificial breaks may be introduced selectively in the newly replicated region during DNA extraction. This possibility, which in any case suggests selective weakness in the newly replicated region, is diminished by the fact that similar results are obtained using different methods in a number of different systems (including an endonuclease I-deficient E. coli strain).
Our results on native DNA do not distinguish clearly between the two mechanisms for discontinuous chain growth shown in Figures 1C and D . Although a fraction of the pulse-labeled DNA sediments at a much slower rate than the bulk of DNA in the neutral sucrose gradient, this material proved to be single-stranded. The remaining portion, which is in a duplex form, is not separated from the bulk DNA by sedimentation. The fact that an appreciable fraction of the pulse DNA is isolated in the single-stranded form would imply either that most of the newly formed "units" exist as single strands in the cell or that the secondary structure of the replicating region containing these "units" is abnormally un- stable. It may represent a unique state during replication or might indicate functioning of the newly synthesized "units" or the complementary portions of the parental strands as templates for RNA synthesis. Our hypothesis of discontinuous DNA chain growth is encouraged by the discovery of polynucleotide-joining enzyme (ligase) in normal and T4 phageinfected E. coli. [18] [19] [20] [21] The enzyme is encoded in one of the T4 genes previously implicated as a structural gene controlling DNA synthesis.22 It has been used in in vitro synthesis of biologically active circular DNA in conjunction with DNA polymerase.23-24 The synthesis and joining of the "units" assumed in our hypothesis may be carried out by DNA polymerase and polynucleotide ligase, respectively. A similar idea has recently been suggested by Kornberg and co-workers.24' 2 Further support for such hypotheses will await proof of the following: (1) the "units" are synthesized in the cell only by a reaction in the 5' to 3' direction; (2) the "units" are joined in the cell by the ligase reaction.
